Summary: HeLa cells cultured in defined serum-free media supplied with iron either in the form of diferric transferrin (transferrin-dependent cells), ferric citrate at 500 μιηοΐ/ΐ (high-iron dependent cells) or ferric citrate at 5 μπιοΐ/ΐ (low-iron dependent cells) accumulate iron from ferric citrate in different ways. The uptake rate in transferrin-dependent cells is always much lower than in the other two lines. In all three, the uptake rate rises almost linearly with the concentration of iron up to 10 μιηοΐ/l. In high-iron dependent cells, the uptake of radiolabelled iron is suppressed by a 100-fold excess of the iron complex, whereas this same excess stimulates iron uptake in the other two lines. The same concentrations of pure citrate completely inhibit iron uptake by all three types of cell. Only high-iron dependent cells take up citrate at measurable and reproducible rates. These rates are independent of the presence of iron, and the uptake is inhibited by an unlabelled surplus. The pH-dependence of iron uptake in high-iron dependent cells is also different from that of the other cells.
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On the other hand, serum-free tissue culture (6) has been used to study some cellular functions, in particular the secretion of proteins such as antibodies (7) . Moreover, cells and tissues come into contact with non-transferrin iron in pathological situations, such as iron overload or destruction of cells. They must therefore avoid the toxic eifects of this free iron, and the most appropriate strategy would be to render it harmless by incorporation into the intracellular storage protein ferritin. This requires uptake by non-transferrin dependent mechanisms, a process generally termed non transferrin-bound iron uptake, which has recently gained interest amongst investigators studying iron metabolism (8 -16) . It has been found that the uptake capacity of some cultured cells rises when they come in contact with high concentrations of free iron (10, 15, 17) . Knowledge of these transport mechanisms might lead to improved methods for treatment of iron overload conditions with appropriate chelators.
Certain human tumour cell lines are suitable for study because they .have a steady iron requirement (see above), but not every one can be adapted to proliferate in protein-free media at very low iron concentrations (5 μιηοΐ/ΐ or below) (18) . In fact, these cells proliferate in so-called iron-free media, which always contain small amounts of iron as a contaminant of the chemicals used to make them. The usual protein-free media (6, 18, 19) , however, contain a hundredfold concentration of iron, usually in the form of iron citrate, which represents a relatively high concentration of freely available iron, but can on the other hand be quite toxic. Though 5 μτηοΐ/ΐ iron is still above the concentration of transferrin iron needed to saturate the transferrin receptors (200 nmol/1), it is below the physiological concentration of transferrin iron (ca. 30 μηιοΐ/ΐ) (20) . Indeed, the HeLa cells, whose iron uptake properties are studied in this paper, can be maintained in a serum-free medium at a transferrin concentration of 5 mg/1, corresponding to 130 nmol/1 iron. The high affinity necessary to make iron sufficiently available to the cells is that of the receptor.
Serum-free culture is useful for cells producing endogenous proteins (e. g., antibodies or cytokines) in culture, and low iron might be beneficial for the long-term wellbeing of the cells.
It was our aim to find out whether the HeLa cells proliferating on 5 μιηοΐ/ΐ iron ("low-iron dependent cells") have a membrane transport system distinguishable from that of cells proliferating in transferrin-containing medium ("transferrin-dependent cells"), and from those cultured in the medium containing 500 μηαοΐ/ΐ iron ("high-iron dependent cells"). It was found that none of these sublines has a high-affinity transport system for non transferrin-bound iron, but there were significant quantitative and qualitative differences in rates, specificity, pH-dependence and, interestingly, in the uptake of the accompanying citrate. We also demonstrated a change in the characteristics of iron uptake when the extracellular iron concentration was changed.
Materials and Methods

Cells and media
HeLa sublines were cultured from the parent line, a suspensiongrowing variant of HeLa epithelial cells, by adaptation to proteinfree RPMI 1640 medium containing 2mmol/l glutamine, 100 X 10 3 U/l penicillin/100 mg/1 streptomycin and a supply of ions, antioxidants, vitamins and hormones as described in L c. (18) . Iron was supplied either as transferrin (5 mg/1), as high iron citrate (500 μιηοΐ/ΐ iron with 750 μηιοΐ/ΐ citrate) or as low iron citrate (one hundredth of the high iron, i. e. 5 μτηοΐ/ΐ iron with 7.5 jimol/l citrate). The iron-citrate complexes were prepared by mixing a stock of 200 mmol/1 iron chloride in 300 mmol/1 tris dium citrate in water. This mixture was then either freshly diluted with the basic medium 1 :400 to yield the high-iron medium before addition to the culture flasks or diluted 1 :100 with water and then diluted 1 :400 to yield the low-iron medium. All additions were sterilefiltered through Corning 0.2 μιη syringe filters directly into the medium. No special care was taken to prevent hydrolysis and polymerisation in the culture. The fact that the cells were able to proliferate was taken as a sign that they can acquire iron from the source provided.
The cells were kept in the logarithmic growth phase by appropriate dilution twice or three times a week. To change culture conditions for short periods, low-iron dependent cells were transferred to high-iron medium without further treatment.
Harvest of cells and preparation for uptake experiments
The cells were centrifuged in 50 ml tubes at 1200 min" 1 for 8 min in an Eppendorf 5403 tabletop centrifuge. They were washed twice in iron-free culture medium, and re-washed after transfer to new tubes. All these steps were carried out at 37 °C. To remove labile iron, the cells were then incubated in iron-free medium containing 10 g/1 bovine serum albumin for 30 min at 37 °C, cooled to 4 °C, centrifuged in the cold and washed with a large volume of icecold medium. They were then counted in a Sysmex cell counter, suspended at a concentration of 3 to 5 X 10 9 /1 in this medium, the viability (always above 95%) checked by staining with trypan blue, and 7 ml aliquots distributed into small (25 ml) culture flasks.
Uptake
The cells were preincubated at 37 °C for 10 min in a shaking water bath. Then the radioactive sample (iron or citrate) was added. Starting from the zero time point, duplicate samples of 500 μΐ were drawn every five minutes. After ascertaining that uptake was linear for 20 min, this was used as the total time. The withdrawn aliquots were mixed in cooled Eppendorf tubes with equal volumes of icecold medium containing 50 umol/l diethylene triamine pentaacetate (DTPA) to scavenge all free iron, and the cells were centrifuged through an oil layer of dibutylphthalate and dioctylphthalate (80 4-20, by vol.) as above. The supernatant and the oil were removed by aspiration, the tip of the tube was cut into a scintillation vial and the pellet lysed with 500 μΐ of 0.5 mol/1 KOH containing 20 ml/1 Triton X-100. Lysis was allowed to proceed for 2 h at 70 °C, the samples were neutralised with 250 μΐ of l mol/1 HC1, 4 ml of Beckman Readysafe scintillation fluid was added, and the radioactivity was counted in a Packard LSC counter. Appropriate blanks were performed to correct for radioactivity adhering to the tubes (practically none). Corrections were al §b made for quenching.
Release of iron
The cells were treated in the same way as for uptake, and they were loaded with 500 μιηοΐ/ΐ iron containing 5 μιηοΐ/l labelled iron as a tracer for 2 hours. The remaining iron was washed away, and the washing efficiency was controlled by scintillation counting. The loaded cells were then re-incubated in the medium at 37 °C either without iron, with 1 mmol/l iron-citrate or with 1.5 mmol/1 citrate present. As in the uptake experiments, aliquots were drawn and the iron content of the cells was counted.
Iron complexes
Complexes for uptake were prepared by diluting either 55 FeCI 3 or non-radioactive iron chloride into an 1.5 fold surplus of trisodium citrate (see preparation of media), or non-radioactive iron chloride into 14 C-citrate. For uptake of citrate alone, iron was omitted. The freshly prepared iron complex was then used for the uptake experiments.
Iron-regulatory protein assay
The cells were extracted with lysis buffer (10 mmol/I Hepes, 3 mmol/1 MgCl 2 ,40 mmol/1 KC1,50 ml/1 glycerol, 1 mmol/1 dithiothreitol, pH 7.6 (21)), the lysate was freed of debris and nuclei in an Eppendorf centriftige for 3 min at 15000 min" 1 and the supernatant frozen in fresh tubes at 25 μΙ/10 6 cells at -80 °C until use. Band-shift assays were carried out by polyacrylamide electrophoresis of RNA-probes as described (22) .
Materials
RPMI medium (HCOg"-buffered) was obtained from Seromed, glutamine and penicillin-streptomycin from PAA (Linz, Austria). The radiochemicals were from NEN: iron-55 chloride, specific activity of 182 TBq/mol; [ 14 C]citrate, specific activity of 3.1 TBq/mol. Diferric transferrin was obtained from Boehringer-Mannheim, dibutylphthalate from Serva, dioctylphthalate from Aldrich.
Results and Discussion
The three sublines of HeLa obtained by culturing with different iron sources differed in their initial rate of iron uptake from the iron-citrate complex. TTie uptake rate was linear with time for at least 20 min in all cases. The highest rates were always observed with high-iron dependent cells, i. e. those maintained with the highest concentration of free iron. However, on averaging a number of experiments (10 in the case of high-iron dependent and low-iron dependent, 9 in the case of transferrin-dependent cells), the difference in initial uptake rate was not significant between the two lines grown with non-transferrin-iron: The rates were 620 ± 150 ftnol/min · 10 6 cells (corresponding to 6200 Featoms/s · cell) for high-iron dependent cells, 560 ± 163 for low-iron dependent cells, and 200 ± 70 finol/min · 10 6 cells for transferrin-dependent cells, which had significantly lower uptake rates. At a first glance, these differences are not unexpected. It has been shown in several instances that free (i. e. non-transferrin) iron in the environment induces an increase in the cellular uptake capacity for non traasferrin-bound iron (10, 15, 17) . This does not, however, correspond to the level of "free" intracellular iron, which is reflected by the IRE (iron-responsive element)-binding activity of the ironregulatory protein (22, 23) . Band-shift assays with labelled hairpin-elements of iron-responsive mRNA showed that high-iron dependent cells had very low binding activity, which means high intracellular iron concentration. The transferrin-dependent-line showed high RNA-binding activity, while the low-iron dependent cells showed intermediate RNA-binding activity. After overnight incubation of the cells in iron-free medium, low-iron dependent cells behaved like transferrindependent cells (both showed increased IRE-binding capacity), while the high-iron dependent cells remained unchanged. No desferroxamine was needed to bring about these changes in the low-iron dependentand the transferrin-dependent cells. The regulatory iron stores of the high-iron dependent cells were apparently high enough to keep iron-regulatory protein in the non-binding form even without a steady supply of iron ( fig. 1 ).
Three criteria were found which distinguished non transferrin-bound iron uptake in high-iron dependent and in low-iron dependent cells and showed qualitative similarities between transferrin-dependent and low-iron dependent cells: specificity, uptake of citrate and pH-dependence.
The first was the specificity of the uptake process as demonstrated by the ability of a surplus of iron-citrate complex to inhibit uptake of radioactive iron. Inhibition, which was, however, only partial, was only seen with high-iron dependent cells. In the other two lines, a hundredfold surplus of iron-citrate unexpectedly stimulated the uptake of labelled iron ( fig. 2) . One explanation would be the stimulation of an exchange carrier by the external iron. This was excluded by the results of release experiments. The rate of release of iron from cells to the extracellular medium was independent of the presence of iron in this medium, and was too slow to account for the stimulation observed ( fig. 3) . Rather, one might expect that the uptake itself reflects phagocytosis of polynucleated complexes, the formation of which might be enhanced with higher concentrations. Thus, the species crossing into the cells may be oligomeric iron complexes. This hypothesis is strenghened by the fact that a surplus of citrate alone totally inhibited iron uptake from this source ( fig. 2) . Citrate in sufficient concentration prevents polynucleation of iron (11, 24) . The inhibition by surplus Fecitrate observed in high-iron dependent cells, on the other hand, indicates that in this case the uptake of iron was at least partly due to a specific process.
The dependence of the rate on the concentration of iron clearly showed the absence of any high-affinity transport moiety in each of the three cell lines up to a concentra- tion of 10 μιηοΐ/ΐ ( fig. 4c ). The characteristics of the "hot + cold" experiments, i. e f stimulation in low-iron dependent, inhibition in high^iron dependent cells, remained unchanged over the concentration range tested ( fig. 4a.,b) . The kinetics of the transferrin-dependent-line are not shown, but they show the same pattern as the low-iron dependent-line, only with lower rates.
The uptake of citrate might provide a clue to the mechanisms involved in the iron uptake, in particular whether the complex could be internalised as such. Only in highiron dependent cells was there a measurable uptake of citrate, irrespective of whether citrate was part of the iron-citrate complex or was supplied to the cells as pure salt. This uptake rate was about 130 fmol/min · 10 6 cells, considerably lower than the rate of iron uptake. A similar finding has been reported for fibroblasts (25) . A surplus of unlabelled citrate totally inhibited the uptake, indicating that it used a specific transport system ( fig.  5a ). Higher uptake of citrate is not surprising for cells with low IRE-binding activity, because the iron-replete iron-regulatory protein acts as an aconitase (26) and may provide a concentration gradient for a carrier-mediated uptake. Though we did not measure aconitase activity, the relation has been quite firmly established and explains our findings.
When the pH was changed, there were also changes in the iron uptake rate. For comparison, the relative rates are shown in the figure, with the highest rate observable arbitrarily taken as 100%; this occurred at pH 5 for lowiron dependent, and pH 5.5 for the other two cells. But the real difference was revealed at physiological pH, when the high-iron dependent cells remained at high rates, while the other two showed lower rates ( fig. 6 ). It is clear, that the concentration of freely available iron increases with lower pH (24) , but this seemed to be more important for the cells in the low-iron state, lowiron dependent and transferrin-dependent. In the absence of information on transport molecules we have no explanation for this, but it shows the difference between the behaviour of cells suspended in low or in high iron medium. HeLa-cells grown in ordinary serum-containing medium and incubated with high concentrations of ferric ammonium citrate overnight have higher rates of non transferrin-bound iron uptake (10) . Low-iron dependent cells reacted more rapidly when transferred to the highiron medium. An increase in the uptake rate was observed early at three hours after transfer, and after seven hours the rate nearly tripled ( fig. 7) . It was thus considerably higher than in ordinary high-iron dependent cells. That could mean that the cells display an ironstress response when threatened by high concentrations of the metal, but return to normal rates once they are accustomed to this environment. The reason for this could be enhanced synthesis of ferritin, triggered by inactivation of the iron-regulatory protein (23) . Indeed, after an overnight incubation, the rate was in the usual range (between 700 and 900 fmol/min · 10 6 cells in three experiments), but the properties had now completely changed to those found in the high-iron dependent-line; thus surplus of iron-citrate inhibited ( fig. 2d) , there was uptake of citrate ( fig. 5b) , and this was the same in the presence and in the absence of iron. It seems that certain cells can obtain iron from any source of low concentration by an unspecific transport mechanism. The fact that (high-iron medium). on P H · The data are from two series of experiments. The data are the means of two experiments. To make the rates comparable, the respective highest was set 1.0. this property is confined to certain cell lines, found experimentally by chance may indicate that this is not a general property (7) . Usually mammalian cells acquire iron from transferrin via endocytosis. Though this also requires the presence of some transport system in the endosomal membrane, it is probably different from the one observed in this study because it must be ubiquitous. This, however, is speculation, and experiments to clarify this question are in progress.
On the other hand, in the presence of high iron concentrations in the environment, and especially under conditions where the iron is rapidly increased, the cells adapt by expressing a specific transport. This may be due to regulation on the level of mRNA, in the sense of the inactivation of iron regulatory protein(s), leading to enhanced synthesis of ferritin, which then accumulates excess iron as a non-toxic storage from, protecting the cells from the deleterious effects of iron overload. At the same time, a concentration gradient of citrate, caused by initiation of the aconitase activity of the iron-regulatory protein leads to increased uptake of citrate, which may also exert protective effects against iron toxicity by forming complexes with low redox potential (27) .
